Gliomas are the most frequent primary tumors of the central nervous system in adults. The most prevalent and aggressive subclass of these is glioblastoma multiforme, which is characterized by massive neovascularization. Endosialin (CD248) has generated interest as a target for antiangiogenic therapy following reports that its expression is upregulated on angiogenic endothelial cells. We demonstrate here that endosialin is not expressed in normal human adult brain but is strongly upregulated in the angiogenic vasculature of all high-grade glioma specimens examined. However, by taking advantage of a technique which allows for multiple fluorescent labeling of formalin-fixed paraffin-embedded archival sections, we demonstrate unambiguously that endosialin is not expressed by the glioma endothelial cells but on closely associated perivascular cells. With increasing awareness that targeting pericytes is an attractive adjunct in antiangiogenic therapy, this finding has important implications for understanding the molecular mechanisms regulating angiogenesis in these highly vascularized tumors.
Brain tumors account for approximately 20 500 new cases and 13 000 deaths each year in the United States. 1 The most frequent primary brain tumors in adults are the gliomas, which represent a morphologically diverse set of malignancies diagnosed on the basis of their histology. These include diffuse astrocytomas (WHO grade II), anaplastic astrocytomas (WHO grade III) and glioblastomas (WHO grade IV). 2 Glioblastoma multiforme is the most prevalent and aggressive type of glioma with a median survival of 12-15 months. 3 Since standard therapy, especially in recurrent glioblastoma multiforme, has only limited impact on the survival of patients, 4 a better understanding of the molecular alterations is needed to develop targeted treatment. Glioblastoma multiforme is considered an attractive target for antiangiogenic therapy, because one of its main characteristics is an extensive microvasculature, in some cases leading to multilayered glomeruloid-type microvascular proliferations.
Endosialin (CD248) raised interest as a potential therapeutic antiangiogenic target after it was identified in a SAGE screen as the most highly upregulated transcript in endothelial cells isolated from colon carcinomas compared to endothelial cells isolated from neighboring normal tissue, hence its alternate name of tumor endothelial marker 1 or TEM1. 5 Endosialin is a type 1 transmembrane glycoprotein originally identified as the target of the FB5 monoclonal antibody. 6 The domain structure of endosialin, with a C-type lectin-like domain, a sushi domain, three epidermal growth factor repeats and a serine/threonine rich mucin-like stalk has placed it in a family of proteins together with CD93 (the complement receptor C1qRp) and CD141 (thrombomodulin). 7 In cultured cells, expression of endosialin has only been reported on fibroblasts and some neuroblastoma cell lines. [6] [7] [8] [9] This pattern is reflected in normal adult tissue, where endosialin expression is predominantly restricted to stromal fibroblasts, and in agreement with the SAGE analysis of St Croix et al 5 little or no endosialin is detected in the mature, normal vasculature. [9] [10] [11] [12] [13] In contrast, there is a marked upregulation of endosialin expression in the angiogenic vasculature of a wide variety of different tumor types including those of the brain, colon, breast and in tumor xenografts. 6, 9, 11, 12, 14, 15 However, there is controversy between these reports as to whether this upregulation is due to expression by the endothelial cells and/or the perivascular cells. Two major difficulties have arisen in resolving this controversy. First, double labeling studies have traditionally required the staining of cryosections, in which the cell and tissue morphology are less well preserved. In addition, the availability of fresh tumor material required for cryosections is very limited in comparison to the large collections of formalin-fixed paraffin-embedded tissues. Second, the close proximity of stromal fibroblasts near the angiogenic vasculature has resulted in some debate as to whether expression of endosialin on cells adjacent to angiogenic endothelial cells represents expression on pericytes or closely associated fibroblasts.
To specifically address both these issues, we have examined the expression of endosialin in a series of high-grade gliomas. The benefits of using brain tissue are the low number of stromal fibroblasts and the presence of an extensive vasculature. In addition, we have employed an immunofluorescent labeling technique, which allows high-resolution multicolor imaging of formalin-fixed paraffinembedded sections. Together this has allowed us to demonstrate unambiguously that expression of endosialin in the angiogenic vasculature of highgrade gliomas is restricted to perivascular cells, and that endosialin is not detected on the endothelial cells.
Materials and methods

Samples
Brain tumor samples were obtained after approval by Local and Multicentre Ethical Review Committees from the Royal Marsden Hospital, Sutton, and St Georges Hospital Medical School, London, UK. In total, 10 high-grade gliomas were studied, comprising eight WHO grade IV glioblastoma multiforme, and two grade III anaplastic astrocytoma. The age range was from 31-72 years. Paraffinembedded normal adult brain from individuals with no history of neurological disease was provided by Dr Peter Clark, Imperial College London from the UK Multiple Sclerosis Tissue Bank, Imperial College London, and was processed using standard histological techniques. 16 
Antibodies and Cells
The generation of the human anti-endosialin monoclonal antibodies (B1/35 and B1/22) has been described previously. 9 The following antibodies were obtained commercially: anti-a-tubulin (clone: B-5-1-2, Sigma-Aldrich, St Louis, MO, USA), anti-human-a-smooth muscle actin (clone: 1A4, Sigma-Aldrich), anti-human-CD34 monoclonal antibody (clone: QBEND 10, Sky Bio, Bedfordshire, UK), fluorescein isothiocyanate-conjugated anti-human CD34 monoclonal antibody (clone: QBEND 10, Abcam, Cambridge, UK), Horseradish peroxidase (HRP)-anti-mouse Ig (Jackson Immunoresearch, West Grove, PA, USA), Alexa-conjugated second layer antibodies (Molecular Probes, Eugene, OR, USA). Diploid human AG1523 fibroblasts and human MCF7 epithelial breast carcinoma cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine and penicillin/streptomycin. Human MCF10A mammary epithelial cells were grown in Dulbecco's modified Eagle's medium:F12, supplemented with 5% horse serum, 10 mM HEPES, 10 mg/ ml insulin, 20 ng/ml EGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin. Cells were cultured at 371C in a tissue culture incubator with humidified air, supplemented with CO 2 to 10%.
Western Blot Analysis
Cells were lysed in NuPage non-reducing sample buffer and run on 10% SDS-PAGE gels. Gels were transferred onto nitrocellulose membrane, blocked with 5% low-fat milk and incubated with the primary antibodies: B1/35, B1/22 (0.2 mg/ml) and a-tubulin (1:30 000 dilution), followed by horseradish peroxidase-conjugated anti-mouse IgG (0.2 mg/ml). Immunodetection was carried out using the ECL Kit (Amersham, Buckhinghamshire, UK) followed by exposure to X-ray film (Kodak, Rochester, NY, USA) for 20 min.
Immunohistochemistry
Formalin-fixed paraffin-embedded sections (3 or 4 mm) were dewaxed in xylene (2 Â 5 min) and rehydrated through a series of graded alcohols to water. Slides were then pressure cooked for 2 min in 0.01 M pH 6.0 citrate target retrieval buffer, washed 5 min under running water and stained with the anti-endosialin monoclonal antibodies (B1/35, B1/ 22, 2 mg/ml) or with anti-CD34 monoclonal antibodies at a 1:50 dilution for 1 h at room temperature. Detection was achieved with the Vectastain avidinbiotin complex (ABC) system according to the manufacturer's protocol (Vector Laboratories, Burlingame, CA, USA). Finally slides were dehydrated through a series of alcohols, cleared in xylene and mounted in 1,3-diethyl-8-phenylxanthine. Sections of human placenta served as positive control for stainings. Images were captured on a Leica DMRA2 microscope fitted with a Leica DFC320 camera and processed with Adobe Photoshop 7.0. All images were taken at the same camera settings.
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Confocal Microscopy
Staining of cells on glass coverslips was performed as described previously. 13 For confocal microscopy of formalin-fixed paraffin-embedded material, sections were dewaxed and rehydrated and then antigen retrieval was performed at 951C in DAKO Cytomation target retrieval solution (DAKO, Denmark) for 30 min followed by 20 min at room temperature and 5 min under running water. Slides were removed from water, sections marked using a slide marker pen and incubated with primary antibodies for 1 h at room temperature. After 3 Â 5 min wash with PBS the appropriate secondary antibodies were incubated for 1 h at room temperature. For double labeling of endosialin and CD34, staining was performed in the following order: B1/35 (2 mg/ml), Alexa555 anti-mouse Ig (2 mg/ml), FITC-conjugated CD34 monoclonal antibody (2.5 mg/ml). For double labeling of endosialin and a-smooth muscle actin, slides were incubated with B1/35 (2 mg/ml) and anti-a-smooth muscle actin (0.88 mg/ml) followed by the 2 mg/ml Alexa555-conjugated anti-mouse-IgG 1 (to detect monoclonal antibody B1/35) and 2 mg/ml Alexa488-anti-mouseIgG 2A (to detect the anti-a-smooth muscle actin monoclonal antibody). Control experiments showed that there was no non-specific binding or crossreactivity of the secondary antibodies. Nuclei were counterstained with 14 nM DAPI (Molecular Probes), slides were rinsed in PBS, mounted with Vectashield (Vector Laboratories) and the coverslips sealed with nail varnish. Fluorescent images were collected sequentially in three channels on a Leica Microsystems (Leica, Wetzlar, Germany) TCS-SP2 confocal microscope. All images were taken at the same settings. Images were exported from the Leica software and processed with Adobe Photoshop 7.0. A full method describing the immunofluorescent staining of formalin-fixed paraffin-embedded sections has been submitted for publication (Robertson D, Savage K, Reis-Filho JS and Isacke CM).
Results
Characterization of the Human Endosialin Monoclonal Antibodies
We have previously described four monoclonal antibodies which recognize human endosialin in immunoprecipitation and immunofluorescence experiments. 9 Here, we have further characterized two of these anti-endosialin monoclonal antibodies, B1/35 and B1/22 by immunoblotting and immunofluorescent staining. Western blots on lysates of AG1523 human fibroblasts, which endogenously express endosialin, demonstrated that both monoclonal antibodies recognize the mature 175 kDa protein and a lower 80 kDa molecular weight band (Figure 1a ). This banding pattern has been reported previously for both human and mouse endosialin detected with other monoclonal antibodies and polyclonal antibodies. 7, 8, 12, 13 The 80 kDa band most likely represents a population of intracellular immaturely glycosylated endosialin as both these monoclonal antibodies have previously been shown to only recognize the 175 kDa endosialin following immunoprecipitation of cell surface labeled human fibroblasts. 9 Neither monoclonal antibody demonstrated any reactivity with lysates from endosialinnegative MCF7 cells (Figure 1a) . In immunofluorescent staining of cells in culture, B1/35 and B1/22 showed an identical granular distribution of endosialin on the plasma membrane of AG1523 fibroblasts but showed no staining of MCF10A epithelial cells (Figure 1b) . Finally to assess the ability of these monoclonal antibodies to recognize endosialin in formalin-fixed paraffin-embedded material, sections of normal human breast were stained. As shown in Figure 1c , both antibodies were able to detect endosialin on the interlobular and intralobular fibroblasts but not on either the Results from all 10 high-grade glioblastomas are summarized in Table 1 . Scale bar, 150 mm.
Endosialin is expressed on tumor pericytes N Simonavicius et al myoepithelial or luminal epithelial cells. This expression is identical to that previously reported following staining of endosialin on normal breast cryosections. 9 As no differences in reactivity in any of these assays were observed between the independently isolated B1/35 and B1/22 anti-endosialin monoclonal antibodies, only B1/35 was used for further experiments.
Endosialin Expression is Upregulated on the Vasculature of High-Grade Gliomas
To assess expression of endosialin in normal adult human brain and high-grade gliomas, formalin-fixed paraffin-embedded sections were stained with the anti-endosialin monoclonal antibody B1/35 and parallel sections were stained for the endothelial marker CD34. In normal brain, the vasculature was detected with the anti-CD34 monoclonal antibody but no staining was observed on the vasculature or on any other cell types with B1/35 (Figure 2a) . In contrast, endosialin expression was readily detected in the vasculature of 10 different highgrade gliomas, with stronger staining observed in the 8 grade IV gliomas compared to the 2 grade III anaplastic astrocytomas (Table 1, Figure 2b ). In the higher grade tumors, endosialin expression was detected on the small vessels and the glomeruloid microvascular proliferations.
Endosialin is Expressed by Pericytes in High-Grade Gliomas but not by Endothelial Cells
To better assess the cell type distribution of endosialin in the tumor vasculature, formalin-fixed paraffin-embedded sections were double labeled for endosialin and markers of either endothelial or perivascular cells and images were collected by confocal microscopy. Using this high resolution imaging method, it was clearly demonstrated that there was no overlap in staining of endosialin and the endothelial marker CD34 (Figure 3a) . To verify the location of endosialin on cells adjacent to the endothelium, sections were costained with the pericyte marker, a-smooth muscle actin. As illustrated in Figure 3b , the majority of endosialinpositive cells also stained positive for a-smooth muscle actin and in addition, a small number of dispersed endosialin-positive, a-smooth muscle actin-negative stromal fibroblasts were also identified.
Discussion
To date there has been a controversy in the literature as to the cell type expression of endosialin in the tumor vasculature. Endosialin was first identified as the epitope for monoclonal antibody FB5 6 and staining with this antibody revealed an upregulation of endosialin expression in the vasculature of a variety of human tumors. Despite reporting that this represented expression on the endothelial cells, the cell type distribution was not validated by double labeling with endothelial markers. Similarly, in situ hybridization analysis has demonstrated an upregulation of endosialin mRNAs in the tumor vasculature but again this method cannot distinguish between an endothelial and perivascular localization of the signal. 5, 14, 17 As endosialin is also expressed in the developing vasculature, different laboratories have performed double labeling of cryosections both from tumors and developing tissues. However, disparate results have been obtained in that it has been reported that endosialin is only expressed on the endothelial cells, 12 only on the pericytes 9,13,18 and on both. 15 The main problem in such analysis is that in tissue cryosections it can be difficult to distinguish between an overlapping staining pattern and staining of individual cells which are intimately associated, as is the case for endothelial cells and pericytes.
To address this controversy, we first characterized further two anti-endosialin monoclonal antibodies, B1/35 and B1/22. Both antibodies showed an identical cell surface staining and western blotting pattern on cultured human fibroblasts and importantly both antibodies were able to detect endosialin in formalin-fixed paraffin-embedded sections. Monoclonal antibody B1/35 was then used to characterize the expression of endosialin in normal brain and in high-grade gliomas. In agreement with previous studies in the mouse brain and human brain tumor samples, 12, 13, 15 no expression of endosialin was detected in the normal adult human brain but expression was upregulated in the vasculature of all high-grade gliomas examined. Highest levels of expression were found in the grade IV gliomas and in particular on the glomeruloid microvascular proliferations. These are tufted collections of newly formed vascular channels containing hyperplastic (Temp)  NA  0  3314  III  1+  3365  III  2+  3312  IV  G3+  3317  IV  G3+  3358  IV  G3+  3384  IV  G3+  3391  IV  G3+  3401  IV  3+  3431  IV  2+  3455  IV  2+ CBM, cerebellum; Temp, temporal lobe. Staining was scored as negative (0), weak (1+), moderate (2+) and strong (3+). G3+ indicates tumors with strong endosialin staining in the glomeruloid microvascular proliferations. Example images are shown in Figures 2 and 3 .
Endosialin is expressed on tumor pericytes N Simonavicius et al Endosialin is expressed on tumor pericytes N Simonavicius et al endothelial cells surrounded by numerous pericytes and a basal lamina. 19 Next, we combined immunofluorescent double labeling of formalin-fixed paraffin-embedded sections with high resolution confocal imaging of thin (B0.5 mm) optical sections. Costaining of these sections with the anti-endosialin monoclonal antibody B1/35 and with an antibody against the endothelium-specific marker CD34 revealed a clear separation of the two antibodies, with the endosialin-positive cells lying adjacent to the endothelial cells. This separation of staining was detected in both the smaller vessels and the larger complex glomeruloid microvascular proliferations. Double labeling of sections with antibodies against endosialin and the frequently used pericyte marker a-smooth muscle actin, [20] [21] [22] confirmed that endosialin is expressed by a-smooth muscle actin-positive pericytes.
In conclusion, endosialin is not expressed in the vasculature of normal adult brain but strongly upregulated in tumor vessels in high-grade gliomas. By employing confocal microscopy of immunolabeled formalin-fixed paraffin-embedded sections, it was unambiguously shown that the expression of endosialin is restricted to perivascular cells and some scattered fibroblasts, validating endosialin as a robust pericyte marker. The significance of these findings is twofold. First, mice with a homozygous deletion in endosialin (Cd248) show impaired growth, invasion and vascularization of implanted abdominal tumors, 17 suggesting that endosialin expression on pericytes has an important functional role in the tumor vasculature. Second, there is increasing evidence that antiangiogenic therapies targeting both endothelial cells and pericytes are more effective than single-agent therapies. 23 Endosialin, unlike other pericyte makers, is not expressed in the normal vasculature, but strongly upregulated in the tumor vasculature. As a consequence targeting endosialin or pathways associated with this receptor offer an attractive therapeutic opportunity. This may be particularly relevant to glioblastoma multiforme, which is characterized by extensive microvascular proliferation, but for which there is currently little targeted treatments.
